. Pre-B cell colony enhancing factor induces Nampt-dependent translocation of the insulin receptor out of lipid microdomains in A549 lung epithelial cells. Am J Physiol Endocrinol Metab 308: E324 -E333, 2015. First published December 17, 2014 doi:10.1152/ajpendo.00006.2014.-Pre-B cell colony-enhancing factor (PBEF) is a highly conserved pleiotropic protein reported to be an alternate ligand for the insulin receptor (IR). We sought to clarify the relationship between PBEF and insulin signaling by evaluating the effects of PBEF on the localization of the IR␤ chain to lipid rafts in A549 epithelial cells. We isolated lipid rafts from A549 cells and detected the IR by immunoprecipitation from raft fractions or whole cell lysates. Cells were treated with rPBEF, its enzymatic product nicotinamide adenine dinucleotide (NAD), or the Nampt inhibitor daporinad to study the effect of PBEF on IR␤ movement. We used coimmunoprecipitation studies in cells transfected with PBEF and IR␤ constructs to detect interactions between PBEF, the IR␤, and caveolin-1 (Cav-1). PBEF was present in both lipid raft and nonraft fractions, whereas the IR was found only in lipid raft fractions of resting A549 cells. The IR-, PBEF-, and Cav-1-coimmunoprecipitated rPBEF treatment resulted in the movement of IR␤-and tyrosine-phosphorylated Cav-1 from lipid rafts to nonrafts, an effect that could be blocked by daporinad, suggesting that this effect was facilitated by the Nampt activity of PBEF. The addition of PBEF to insulin-treated cells resulted in reduced Akt phosphorylation of both Ser 473 and Thr 308 . We conclude that PBEF can inhibit insulin signaling through the IR by Nampt-dependent promotion of IR translocation into the nonraft domains of A549 epithelial cells. PBEFinduced alterations in the spatial geometry of the IR provide a mechanistic explanation for insulin resistance in inflammatory states associated with upregulation of PBEF.
pre-B cell colony-enhancing factor; nicotinamide phosphoribosyl transferase; lipid rafts; insulin; insulin receptor; caveolin-1; signaling; phosphorylation CELLULAR RESPONSES TO STIMULI from the microenvironment are dependent upon the capacity of proteins in the cell membrane to aggregate and dissociate, and so they create multiprotein platforms that initiate intracellular signaling and lead to gene expression or repression within the nucleus. How these dynamic interactions are facilitated is incompletely understood. Lipid rafts are small, self-organizing dynamic membrane domains enriched in cholesterol, sphingolipid, and other proteins that are hypothesized to contribute to protein-protein interactions within the cell membrane (64, 66, 66) , although whether lipids per se mediate protein sorting or whether protein localization within the membrane is a function of actin associating with membrane sphingolipids remains controversial (35) .
Caveolae represent a particular type of lipid raft that appears as a flask-shaped invagination of the cell surface (2) . The formation and maintenance of caveolae depends on the presence of caveolins, hairpin-like palmitoylated integral membrane proteins that bind cholesterol (51, 67) and are encoded by three homologous genes, Cav1, Cav2, and Cav3. Caveolin-1 (Cav-1) is a 22-kDa protein first identified as a phosphoprotein substrate of Src kinase (20) . It localizes primarily in caveolae but is also found in the Golgi apparatus, where it plays a role as a trans-Golgi network transporter (2, 56) .
Cholesterol, sphingolipid, and membrane protein interactions in putative lipid rafts have been implicated in a variety of dynamic cellular processes (49) , including survival and apoptosis (19) , T and B cell activation (17, 22) , focal adhesions and cell migration (18) , hormone signaling (42, 81) , membrane trafficking (73) , and redox reactions (32) . Common to these is a role in signal transduction (65) . Signaling pathways known to depend on lipid rafts include immunoglobulin E signaling (62) , T cell receptor signaling (28, 36) , B cell receptor signaling (7) , epidermal growth factor (EGF) receptor signaling (9, 76) , insulin receptor (IR) signaling (43) , ephrin B1 receptor signaling (4), Fas signaling (53) , and Ras signaling (57) . The translocation of signaling components between rafts and nonraft regions of the plasma membrane represents an important regulatory mechanism (71) that can modify the phosphorylation state of proteins and promote or inhibit downstream signaling. Insulin signaling has been shown to be dependent on lipid rafts (23) , and methyl-␤-cyclodextrin (M␤CD), a cholesterolchelating agent that reversibly disrupts cholesterol-sphingolipid interactions, inhibits the phosphorylation of IRS-1, the activation of PKB/Akt, and the uptake of glucose in adipocytes (8, 23, 50) . Moreover, the IR is found in caveolae (23, 33) and colocalizes with Cav-1 (48) . Indeed, the IR has been shown to induce the tyrosine phosphorylation of Cav-1 in adipocytes (34) .
Lipid rafts also play an important role in endocytosis and in the internalization of many proteins, including sphingolipids and sphingolipid-binding toxins,glycosylphosphatidylinositolanchored proteins, growth hormone, and interleukin (IL)-2 receptors, as well as viruses and bacteria (47) . Caveolae participate in clathrin-independent endocytosis, which plays an important role in the internalization of IR (14) . Internalization of the IR contributes to insulin signaling, supporting IRS-1 tyrosine phosphorylation and associated phosphatidylinositol 3-kinase (PI3K) activation (13) .
Pre-B cell colony-enhancing factor (PBEF), also known as nicotinamide phosphoribosyl transferase (Nampt) (55) and visfatin (15) , is a highly conserved 52-kDa protein, first identified as a protein secreted by activated lymphocytes in bone marrow stromal cells, that synergizes with IL-7 and stem cell factor to stimulate early stage B cell formation (40, 58) . PBEF has three distinct biological activities. First, as a Nampt, PBEF catalyzes the rate-limiting step in a salvage pathway of nicotinamide adenine dinucleotide (NAD) biosynthesis (55) . Second, it has proinflammatory activity as an extracellular cytokine-like molecule that is involved in acute and chronic inflammation (38, 45) , inhibits neutrophil apoptosis (29) , and primes neutrophil respiratory burst (41) . The third and most controversial function of PBEF is as an alternate ligand for the IR (15). Fukuhara et al. (16) . originally reported that a protein they called visfatin that was identical in amino acid sequence to PBEF/Nampt could bind the adipocyte IR and exert both agonist and antagonist activity. Their report was subsequently retracted because of inconsistencies in reproducing the reported findings; however, others have documented an interaction between PBEF and the IR (10, 69, 78) . We hypothesized that PBEF can modulate IR signaling by regulating its dynamic association with lipid rafts.
MATERIALS AND METHODS

Materials and reagents.
High-glucose DMEM, OPTI-MEM, and penicillin-streptomycin solution were purchased from Invitrogen (Burlington, ON, Canada). Daporinad, anti-p-ERK, anti-ERK, anti-pAkt (Ser 473 ), anti-p-Akt (Thr  308 ) , anti-Akt, and anti-GST antibodies were from Cell Signaling Technology (Boston, MA) and USA Scientific (Waltham, MA). Anti-Cav-1 monoclonal antibodies and protease inhibitor cocktail, as well horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse, were from BD Biosciences (Mississauga, ON, Canada). Anti-IR␤, anti-c-myc, anti-flotillin-1, and anti-PBEF polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-IR␤ monoclonal antibody was from Thermo Scientific (Waltham, MA). HRP-conjugated anti-rabbit and anti-mouse secondary antibodies were from GE Healthcare (Mississauga, ON, Canada). Alexa 555-conjugated anti-mouse secondary antibody and DAPI were from Molecular Probes (Burlington, ON, Canada). Brij 58, NAD, and M␤CD were purchased from Sigma-Aldrich (Mississauga, ON, Canada). Unless otherwise indicated, all other reagents were purchased from Sigma-Aldrich.
Cells. A549 cells (ATCC CCL-185) were cultured to confluence in supplemented DMEM in 100-mm culture plates and used for lipid raft isolation, transfection, Western blots, and immunoprecipitation and immunofluorescence studies.
Isolation of lipid rafts. Lipid rafts were prepared using either detergent-based or detergent-free methods of cell lysis (39, 70) . Briefly, cells were washed twice with ice-cold PBS. For the detergent method, cells were lysed on ice with 1 ml of TKM buffer (50 mM Tris, 20 mM KCl, 5 mM MgCl2, and 1 mM EDTA, pH 7.4) containing 0.5% Brij 58 and protease inhibitor cocktail. After 1 min on ice the cells were scraped, and lysis buffer was transferred sequentially from one plate to the next. The cell lysates was then subjected to 20 strokes in an ice-cold, loose-fitting Dounce homogenizer and rotated at 4°C for 30 min. For the detergent-free method, cells were lysed with 1 ml of 500 mM sodium carbonate, pH 11.0. Homogenization was carried out in an ice-cold, loose-fitting Dounce homogenizer (40 strokes), and then lysates were sonicated with a ultrasound sonicator (three 20-s bursts). Following lysis, the cell lysate (800 l) was mixed with an equal volume of 80% sucrose and transferred to the bottom of a 10-ml ultracentrifugation tube (Beckman Instruments). We slowly layered 5 ml of 36% sucrose and 2 ml of 5% sucrose on top of the lysate suspension to avoid mixing and then centrifuged samples using a 70.1 Ti rotor (Beckman Instruments) at 4°C and 50,000 rpm for 18 h in an ultracentrifuge (Beckman Instruments).
Construction of PBEF plasmids. PBEF plasmids were constructed as described previously (29) . Full-length PBEF fragments were cloned into the GST-Gene Fusion system pGEX-4T-3 vector, pCDNA 3.1/ myc-his vector, or pEGFP-C1 vector. The recombinant plasmids were transfected into DH5␣-competent cells (Invitrogen) and colonies identified by restriction enzyme digestion and sequencing.
Construction of Cav-1 plasmids. Total RNA from A549 cells was extracted using TRIzol reagent and 1 g of RNA transcribed to firststrand cDNA using the SuperScript II system (Invitrogen). The cDNA was amplified with the upstream primer 5=-GCGGATCCAT-GTCTGGGGGCAAATACGT-3= and the downstream primer 5=-GCTCTAGATATTTCTTTCTGCAAGTTGA-3= for Cav-1-myc plasmids and the upstream primer 5=-GCGAATTCTATGTCTGGGG-GCAAATACGT-3= and the downstream primer 5=-GCGGATC-CTATTTCTTTCTGCAAGTTGA-3= for Cav-1-GFP plasmids. Fulllength Cav-1 fragments were cloned into pCDNA 3.1/myc-his vector or pEGFP-C1 vector. The recombinant plasmids were transfected into DH5␣-competent cells (Invitrogen) and colonies identified by restriction enzyme digestion and sequencing.
Transfection. Recombinant plasmids (3 g) were transfected into 2 ϫ 10 5 A549 cells using 10 l of Xtreme Gene 9 (Roche Applied Science, Laval, QC, Canada). Cultures were maintained for 24 h and then washed and recultured for an additional 24 h.
Generation of recombinant PBEF. GST-tagged recombinant PBEF (rPBEF) was generated as described previously (41), with slight modifications. Briefly, PBEF-GST plasmid was transfected into DH5␣-competent cells (Invitrogen). Successfully transfected bacteria were cultured in Luria-Bertani medium supplemented with 2% glucose and 100 mg/ml ampicillin at 37°C until reaching an A600 of 0.8 to 1.0. Protein generation was induced with 100 mM isopropyl-b-Dthiogalactopyranoside for 2 h at room temperature. Bacteria were collected and washed with cold STE buffer [10 mM Tris (pH 8.0), 1 mM EDTA, and 150 mM NaCl] and then lysed with lysozyme (100 ug/ml), 50 mM DTT, 1.5% sarkosyl, and 1% Triton X-100 and sonicated on ice. The supernatant was collected after centrifugation and incubated with glutathione-Sepharose 4B beads (GE Healthcare) at 4°C overnight. Beads were collected, and protein was eluted with 20 mM glutathione in 50 mM Tris·HCl (pH 9.0) for 1 h. Protein was dialyzed for 48 h against PBS. Endotoxin was removed using polymyxin B beads (Sigma-Aldrich). Protein identity was confirmed by SDS-PAGE probing with anti-GST and anti-PBEF antibodies.
Immunoprecipitation. Cells were lysed with lysis buffer (100 mM NaCl, 50 mM HEPES, 20 mM NaF, 1 mM EDTA, and 1% Triton X-100). Cell lysates were centrifuged, and the supernatants were incubated with primary antibodies at 4°C for 1 h. Protein G beads (GE Healthcare) were added and rotated overnight. The beads were collected and washed three times in PBS and boiled with loading buffer for 5 min prior to SDS-PAGE.
Western blot. Protein concentration was measured by the BCA method (68) . Lysates or eluted proteins were boiled with loading buffer for 5 min, subjected to 10% SDS-PAGE, and then transferred to nitrocellulose membrane (GE Healthcare). Membranes were probed with primary antibodies overnight at 4°C and then with HRP-conjugated secondary antibodies (1:5,000). Bands were visualized using the ECL detection system (Perkin-Elmer, Woodbridge, ON, Canada) or SuperSignalWest Femto Substrate (Thermo Scientific). Membranes were stripped and reprobed as needed. Densitometry analyses were performed using a Bio-Rad GS800 densitometer equipped with Quantity One software.
Immunofluorescence and confocal microscopy. A549 cells were cultured in six-well plates on glass coverslips. Cells were transfected with IR␤-myc, PBEF-myc, PBEF-GFP, Cav-1-myc, or Cav-1-GFP plasmids. Cells were washed three times with PBS and fixed with 4% formaldehyde-PBS for 30 min at 4°C, incubated with 100 mM glycine to quench spontaneous fluorescence, permeabilized in 0.1% cold Triton X-100 in 1% BSA for 5 min, and blocked with 3% BSA prior to staining. Cells were incubated with anti-myc antibody for 1 h, followed by Alexa 555-conjugated anti-mouse secondary antibody for 1 h and then DAPI for 10 min. Images were acquired using a Zeiss LSM 700 confocal microscopy system (Carl Zeiss, Oberkochen, Germany). Colocalization analysis was performed using Fiji software (59) .
Statistics. Data are expressed as means Ϯ SE. Differences between groups were analyzed with SPSS 19.0 using Student's t-test or one-way ANOVA. P Ͻ 0.05 was considered significant.
RESULTS
The IR localizes to lipid rafts in A549 cells. Lipid rafts are microdomains within the plasma membrane, characterized biochemically by their enrichment in cholesterol, glycososphingolipids, and specific raft proteins such as caveolins and structurally by their insolubility in nonionic detergents. However, these features render them potentially susceptible to artifacts resulting from the process of isolation used to study them. Therefore, we used complementary detergent-based and detergent-free methods to characterize the association of the IR with lipid rafts in A549 cells. Using the detergent-free method, the IR was found exclusively in the raft fraction of A549 cell lysates; Cav-1 was likewise present only in this fraction. In contrast, endogenous PBEF was found in both raft and nonraft fractions (Fig. 1A) . By the detergent method, most of the IR localized to the raft fraction, although a small amount could be detected in nonraft fractions (Fig. 1B) . To confirm the localization of the IR to the raft fraction, we repeated studies using the lipid raft marker flotillin (1). The IR localized to the flotillin-containing fractions (Fig. 1C) .
Consistent with these observations, we found that the IR and Cav-1 coimmunoprecipitated from A549 cell lysates ( Fig. 2A) . When cells were cotransfected with GFP-tagged PBEF and myc-tagged IR␤ or Cav-1, the PBEF-GFP construct was found to associate with both the IR and Cav-1 by both coimmunoprecipitation studies (Fig. 2B ) and confocal microscopy (Fig. 2, C and D) . Treatment of transfected A549 cells with M␤CD disrupted the colocalization of PBEF-GFP and the IR␤ (Fig. 2E) . (Fig. 3B) . Moreover, the addition of rPBEF immediately after insulin exposure inhibited insulininduced Akt phosphorylation on both Thr 308 and Ser 473 , suggesting that PBEF can inhibit IR signaling (Fig. 3C) .
IR signaling is dependent upon
PBEF induces Nampt-dependent translocation of the IR from raft to nonraft fractions. The dependence of IR signaling on raft localization (Fig. 3A) and the inhibition of signaling by rPBEF (Fig. 3C) suggested the hypothesis that PBEF can alter the raft localization of the IR. Immunoblot studies of density gradient fractions following exposure to rPBEF confirmed the displacement of the IR to the nonraft fraction using both detergent-free (Fig. 4A) and detergent (Fig. 4B ) methods. To describe this movement quantitatively, we compared the densitometric intensity of fraction 4 (a raft fraction) with fraction 9 (a nonraft fraction). Following rPBEF treatment, most of the IR signal had moved from the raft to the nonraft fraction (Fig.  4C) . IR translocation to the nonraft fraction could be replicated by treating cells with NAD (1 mM), the end product of PBEF Nampt activity. Moreover, inhibition of Nampt activity with the small molecule inhibitor daporinad prevented IR translocation to nonraft fractions (Fig. 4C) . Indeed, the IR concentration in the lipid raft fractions following FK-866 treatment was increased, suggesting that the inhibitor was blocking both the added exogenous PBEF and native endogenous PBEF in A549 cells.
PBEF treatment results in Nampt-dependent translocation of phosphorylated Cav-1 into nonraft fractions. Cav-1 can be phosphorylated at Tyr 14 by Src family kinases, a posttransla- Fig. 1 . The insulin receptor (IR) localizes to lipid rafts in A549 epithelial cells. Lysates were prepared from 4 confluent 10-cm plates of A549 cells. Lipid rafts were isolated using the detergent-free method, as described in MATERIALS AND METHODS. Ten layers of 1 ml each were collected from the top of the tube; layers 9 and 10 were pooled. Each fraction was then probed by Western blot analysis for IR␤, endogenous pre-B cell colony-enhancing factor (PBEF), and caveolin-1 (Cav-1). For the detergent method, 7 confluent 10-cm plates of A549 cells were lysed, and total cell lysates were collected. Layers 4 -6 were pooled to represent lipid rafts, and layers 9 and 10 were pooled to represent nonrafts; from each pool, 5 g of proteins were loaded to probe for IR␤, endogenous PBEF, and Cav-1. Localization of the IR␤ to the putative raft fraction was further supported using the detergent-free method by studies showing colocalization with the raft maker flotillin-1 by Western blot analysis.
tional modification that in turn modulates multiple processes at the cell membrane, including Src localization to focal adhesions (21), activation of TLR4-mediated signaling (30) , and eNOS inhibition (6) . PBEF had no effect on total expression of phosphorylated Cav-1 nor on the phosphorylation of Cav-1 that was bound to the IR (Fig. 5, A and B) . As evaluated using both detergentbased (Fig. 5C ) and detergent-free (Fig. 5D ) methods, however, exposure to PBEF resulted in increased levels of phosphorylated Cav-1 in the nonraft fractions. This effect was inhibited by daporinad and reproduced when NAD alone was added to cultures, consistent with the conclusion that it is mediated through Nampt-dependent generation of NAD. PBEF did not alter the total amount of protein that was interacting with the IR but rather the amount of phosphorylated Cav-1 interacting with the IR in the nonraft fractions (Fig. 5E) , Arrows denote the IB protein, and unmarked bands represent the immunoglobulin light chain. B: A549 cells were transfected with PBEF-myc plasmids or left untransfected. Total cell lysates were IP with anti-IR␤ or anti-Cav-1 antibodies. IR␤, PBEF, and Cav-1 were detected by Western blot. Transfected myc-tagged PBEF was identified using an antibody directed at myc. Arrows denote the IB protein; unmarked bands represent the immunoglobulin heavy chain. C: A549 cells were transfected with IR-myc and PBEF-GFP plasmids. Cells were fixed and stained for anti-myc primary antibody and then Alexa 555-conjugated antimouse secondary antibody and evaluated by confocal microscopy. Red: anti-IR; green: PBEF-green fluorescent protein (GFP); blue: DAPI nuclear stain. Analysis of colocalization showed that 47.2 Ϯ 14.0% of the PBEF-GFP transfect was associated with the IR␤-myc construct compared with only 2.1 Ϯ 1.7% of the GFP tag alone (n ϭ 6). D: A549 cells were transfected with PBEF-GFP and Cav-1-myc plasmids. Cells were fixed and stained for anti-myc primary antibody and then Alexa 555-conjugated anti-mouse secondary antibody and evaluated by confocal microscopy. Red: antiCav-1-myc; green: PBEF-GFP; blue: DAPI nuclear stain. Colocalization analysis showed that 35.2% of the transfected PBEF localized with Cav-1 compared with 2.3% of the transfected GFP tag alone (n ϭ 1). E: A549 cells cotransfected with PBEF-GFP and IR␤-myc were pretreated or not with 10 mM methyl-␤-cyclodextrin (M␤CD) to disrupt rafts and assessed by confocal microscopy. Raft disruption reduced colocalization of the PBEF-GFP and IR␤-myc constructs from 46 Ϯ 13 to 4.7 Ϯ 3.9% (n ϭ 6). *P Ͻ 0.001.
suggesting that phosphorylated Cav-1 and the IR were jointly moving from the raft to the nonraft fractions.
DISCUSSION
Signaling via the IR is known to be dependent on interactions between the IR and related proteins occurring in membrane microdomains that are enriched in cholesterol and sphingolipids and that are commonly referred to as lipid rafts (26) . Resistance to nonionic detergents such as Triton-X100 is a characteristic feature of these microdomains in which the IR has been shown to colocalize with Cav-1 and flotillin (34) . However, the precise structural nature of rafts has been controversial, for not only are the putative structures dynamic and subject to change within the plasma membrane, but the processes used to isolate presumed raft elements may well create artifactual interactions that are not present within the living cell. It has been argued that detergent-resistant membranes should be differentiated from lipid rafts (3); we use the term "lipid raft" here in a conceptual rather than strict anatomic or biochemical sense to denote protein interactions that occur within these classical microdomains and that are dependent upon the intimate presence of lipids.
In aggregate, the studies reported here show that PBEF can induce the translocation of IR and phosphorylated Cav-1 from the lipid raft fraction of the cell membrane into the nonraft fraction, an activity that is dependent upon generation of NAD through the Nampt activity of PBEF. PBEF-induced displacement of the IR from the lipid raft results in impaired IR signaling, which is reflected in reduced phosphorylation of Akt at Thr 308 and Ser
473
. A potential interaction between PBEF and insulin signaling was first reported by Fukuhara et al. (15) , although this report was subsequently retracted (16) . Others have shown that PBEF can induce the activation of IR␤ (31), Akt (54), ERK, and p38 (41) , although the capacity of PBEF to activate IR␤ (54) and Akt (75) has been challenged. Using A549 lung epithelial cells, we found that PBEF itself could not induce the phosphorylation of IR␤ nor activate Akt. However, PBEF could activate ERK, and raft disruption with M␤CD also induced phosphorylation of ERK, as others have reported (5, 12) . We further found that the insulin-induced Akt activation could be completely blocked by M␤CD, suggesting that the activation of Akt by insulin is dependent on lipid rafts, consistent with prior observations by Gustavsson et al. (24) . Fig. 3 . IR signaling is raft dependent and can be inhibited by raft disruption or by exposure to PBEF. A: A549 cells were cultured alone or with insulin (Ins; 10 mU/ml), PBEF (150 ng/ml), or M␤CD (10 mM) alone or in combination for 1 h. Total cell lysates were probed for total and phosphorylated Akt (p-Akt) by Western blot analysis. Raft disruption completely ablated Akt phosphorylation on Ser 473 and Thr 308 . B: A549 cells were cultured for 1 h with or without PBEF (150 ng/ml). Total cell lysates IB for IR␤, total and p-Akt, and total and phosphorylated ERK (p-ERK). C: A549 cells were treated with insulin alone (10 mU/ml) or with insulin (10 mU/ml) for 1 min, followed by PBEF (150 ng/ml) for a total treatment time of 1 h. Cell lysates were IB for total and p-Akt. Densitometric data from 4 to 6 Western blots are shown (means Ϯ SE). ***P Ͻ 0.001. PY, anti-phosphotyrosine antibody.
The IR localizes to caveolae (23, 33) , and A549 cells are rich in these signaling domains. The IR colocalizes with Cav-1 (48), an interaction that augments the function of IR kinase, and targets the IR into caveolae (79) . It has been reported that IR␤ is soluble in detergent (23) and that in using a detergent method for raft isolation, only trace levels of IR could be found in lipid rafts (43) . Using a detergent-based method, we found that the IR␤ was present primarily in the lipid raft fractions, although a small amount could be detected in nonraft fractions. Using a detergent-free method, the IR was found exclusively in the lipid raft factions.
Caveolae participate in clathrin-independent endocytosis, a process that plays an important role in the internalization of IR (44). Fagerholm et al. (14) reported that insulin induces rapid endocytosis of the IR. IR internalization is necessary for insulin signaling, inducing IRS-1 tyrosine phosphorylation and associated PI3K activation (13) . Thus translocation of the IR from raft to nonraft fractions may reduce insulin-mediated signaling by blocking IR endocytosis.
PBEF has been described variously as a proinflammatory cytokine, a Nampt, and a novel ligand for the IR; how these roles are reconciled is largely unknown. It has been suggested that the effects of PBEF on the IR occur not as a consequence of a classical ligand-receptor interaction but rather through the Nampt activity of PBEF (54, 80) . Our observation that NAD, the end product of PBEF enzymatic activity, can also induce IR translocation is consistent with this hypothesis, as is the observation that daporinad, a small molecule inhibitor of the Nampt activity of PBEF, can block IR translocation to nonraft fractions.
Engagement of the IR can induce tyrosine phosphorylation of Cav-1 (34), although some have questioned this (77) . The consequences of Cav-1 phosphorylation are far from clear. Several studies have reported that Cav-1 phosphorylation promoted endocytosis of caveolae (11, 52) , and Fagerholm et al. (14) reported that the IR was endocytosed with tyrosinephosphorylated Cav-1. Therefore, we hypothesized that PBEFinduced IR␤ movement might also require Cav-1 phosphorylation. We found that PBEF itself does not induce the phosphorylation of Cav-1. However, after PBEF treatment, Cav-1 bound to the IR␤ in nonraft fractions was highly tyrosine phosphorylated, suggesting that PBEF induces the translocation of phosphorylated Cav-1 with IR␤ into nonrafts.
To determine whether this effect was dependent on the Nampt activity of PBEF, we pretreated cells with daporinad, an inhibitor of PBEF dimerization and Nampt activity (25) , and found that the treatment blocked the translocation of phosphorylated Cav-1 and IR␤ into nonraft fractions. Conversely, NAD alone, the product of PBEF Nampt activity, induced Cav-1 and IR␤ translocation. The phosphorylation of IR␤ and Akt following insulin exposure occurs rapidly, peaking at 5 min (60). Addition of PBEF within 5 min of insulin exposure inhibited Akt phosphorylation on both Thr 308 and Ser 473 . Since the effect could be reproduced using the PBEF product NAD, we infer that inhibition of Akt phosphorylation is a consequence of the movement of the IR from lipid rafts.
Our study has important limitations. The lipid raft concept has evoked controversy, for it has proven challenging to visualize rafts as anatomic structures, and the experimental techniques used to infer their presence may alter the special A: A549 cells were cultured with or without PBEF (150 ng/ml) or NAD (1 mM) for 1 h or pretreated with daporinad (1 M) for 30 min, followed by PBEF (150 ng/ml) for 1 h. Lipid rafts were isolated using the detergent-free method; 10 layers of 1 ml each were collected from the top of the tube, combining layers 9 and 10, loaded on a gel, and IB for the IR␤. B: A549 cells were cultured with or without rPBEF (150 ng/ml) for 1 h. Lipid rafts were isolated using the detergent method, as described. Layers 4 -6 were combined to represent lipid rafts, and layers 9 and 10 were mixed to represent nonrafts. Five micrograms of protein from each fraction was loaded and IB for IR␤ (top) or Cav-1 (bottom). C: the optical densities of 3-4 blots from replicates as described in B were pooled, comparing the densitometric ratios of layers 4 and 9. ANOVA was used for multiple comparisons. Data are shown as means Ϯ SE. *P Ͻ 0.05; ***P Ͻ 0.001. Fig. 5 . PBEF induces the movement of phosphorylated Cav-1 in association with the IR into nonraft fractions. A: A549 cells were cultured for 1 h without or with PBEF (150 ng/ml). Cell lysates were IP with anti-IR␤ or anti-Cav-1 antibodies. Cav-1 and tyrosine phosphorylated Cav-1 were detected by immunoblotting with anti-Cav-1 and -PY antibodies. B: the optical density of 5 Western blots was measured and expressed as the ratio of phosphotyrosine to total Cav-1 in fractions IP with IR␤ (left) or Cav-1 (right). Data are shown as means Ϯ SE; differences are not statistically significant. C: A549 cells were cultured for 1 h with or without PBEF (150 ng/ml) or NAD (1 mM) or pretreated with daporinad (1 M) for 30 min and then with PBEF for 1 h. Lipid rafts were isolated using the detergent method. Layers 4 -6 were pooled to represent lipid rafts, and layers 9 and 10 were pooled to represent nonraft fractions. Fractions were IP with anti-IR␤ antibody, and IR␤, Cav-1, and tyrosine-phosphorylated Cav-1 were detected by immunoblotting with anti-IR␤, -Cav-1, and -PY antibodies. D: A549 cells were cultured for 1 h without or with PBEF (150 ng/ml) or NAD (1 mM) or pretreated with daporinad (1 M) for 30 min and then with PBEF for 1 h. Lipid rafts were isolated using the detergent-free method, removing 10 layers of 1 ml each from the top of the tube and combining layers 9 and 10. Each layer was analyzed for IR␤ by Western blot. E: Western blots from 3 separate experiments as shown in C were analyzed densitometrically; ratios of phosphotyrosine to total Cav-1 in the nonraft fraction, normalized to control values, are shown at left; ratios of phosphotyrosine to total Cav-1 in whole cell lysates are shown at right. ANOVA was used for multiple comparisons. Data are shown as means Ϯ SE. *P Ͻ 0.05; **P Ͻ 0.01. organization of other molecules, such as actin, that promote the specific localization of cellular constituents (46) . Consistent with this, we noted subtle differences in findings depending on whether a detergent-based technique was used to isolate rafts. In addition, we used a transformed epithelial cell line, the A549 cell, because of a primary interest in the role of the IR in inflammatory cell survival and based a number of conclusions on the effects observed in transfected cells. The A549 cell line does express an intact IR complex (74) ; however, the findings may not apply to a classic insulin-responsive cell.
Insulin resistance is a common complication of inflammatory diseases. Inflammatory signaling via JNK and NF-B has been implicated in its etiology (63) . Adipokines have attracted much attention as a potential link between inflammation and insulin resistance (61, 72) . As a recently described adipokine, PBEF has been found to be elevated in acute and chronic inflammatory diseases (29, 82) and in diabetes (27, 37) . Our findings suggest a novel mechanism through which PBEF might mediate insulin resistance by inducing the translocation of the IR from lipid rafts to nonraft domains and, as a consequence, inhibiting signal transduction downstream of the IR.
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